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Abstract—In many applications such as electric vehicles, dual 
mode operation is needed, i.e pulsewidth modulation (PWM) 
mode for low speed region and squarewave mode for high speed 
region. The latest research has shown that symmetrical nine-
phase motor could provide optimal characteristics under dual 
mode operation, i.e. minimum inverter input and rotor current 
ripples. By using analytical calculation, in this paper the authors 
show that asymmetrical nine-phase motor can also provide the 
optimal characteristics under dual mode operation by simply 
using dual carrier PWM. This finding is supported by 
experimental results.  
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I. INTRODUCTION 
The losses in electric motor are stator and rotor copper 
losses, core losses, mechanical losses and stray losses. When it 
is fed by voltage source inverter, additional losses appear 
because of the current harmonics resulted from the switching 
mechanism of the inverter. The losses in the inverter consists of 
dc capacitor and switching components losses. Minimization of 
the inverter input current ripple is very important because it is 
related to the lifetime of the inverter input filter capacitor that 
is the vulnerable component in voltage source inverter [1]-[3]. 
Current ripples also increase the losses in the motor, either in 
the stator or the rotor. Compared to rotor losses, the stator 
losses are easier to handle. So, in this paper, inverter input 
current ripple and rotor current ripple are considered as the 
most important factor in an inverter-fed ac motor. 
Multiple three-phase ac motor can be configured with zero 
phase displacement, asymmetrically, or symmetrically. For six-
phase motor, the asymmetrical configuration could produce 
minimum inverter input current and rotor current ripples under 
squarewave operation [4]-[5]. Because of this, asymmetrical 
six-phase motor became the most popular multiphase motor in 
industry. One of its applications is in railway traction drive [6]-
[7]. In railway traction and also in electric vehicles, dual mode 
operation is needed. In the low speed region, PWM mode is 
chosen whereas squarewave mode is used for high speed 
region. Although it is worthwhile under squarewave operation, 
under sinusoidal PWM operation, however, the performance of 
asymmetrical configuration is not superior compared to the 
symmetrical one [8]-[11]. So, we may conclude that six-phase 
motor is not suitable for such dual mode operation. 
Another multiphase motor is nine-phase motor. This motor 
has also been applied in industry [12]. Nine phase is considered 
as the optimal phase number that could provides minimum 
inverter input current ripple [13]. Besides that, our latest 
research has shown that symmetrical nine-phase motor could 
provide optimal characteristics under dual mode operation [10]. 
In this paper, the authors show that asymmetrical nine-phase 
motor can also provides optimal characteristics under dual 
mode operation by simply using dual carrier PWM.  
II. DUAL CARRIER PWM 
The scheme of inverter-fed nine-phase ac motor is shown in 
Fig. 1. The ac motor has three sets of three phase winding and 
is fed by two level voltage source inverter. Fig. 2 shows the 
asymmetrical and symmetrical configurations of the motor. 
From the figure, it is known that the asymmetrical 
configuration can be changed into symmetrical configuration 
by rotating 180° the second (center) group. Similarly, the one 
group of the symmetrical configuration can be rotated 180° to 
produce the asymmetrical configuration. Because of this, the 
asymmetrical and symmetrical nine-phase motor produce 
similar characteristics when the motors are operated under 
squarewave operation. 
γ
 
Fig. 1. Inverter-fed nine-phase ac motor. 
                     
(a)                                                  (b) 
Fig. 2. Schematic diagram of nine-phase ac motor (a) asymmetrical and (b) 
symmetrical configurations. 
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(b) 
Fig. 3. Detailed switching waveform of single carrier PWM (a) SC20 and (b) 
SC40. 
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(b) 
Fig. 4. Detailed switching waveform of dual carrier PWM (a) DC40 and (b) 
DC20. 
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Under PWM operation, this study uses carrier based PWM. 
In this type of modulation, reference signals are compared to 
high frequency triangular carrier signal to produce ON-OFF 
signal for the inverter switching devices. The sinusoidal 
reference signals for the inverter are 
 ݒ௣௥ = ݇ sin(ߠ଴ + ߠ଴௣) (1) 
where phase ݌ for phase ܽଵ, ܾଵ, ܿଵ, ... , ܽଷ, ܾଷ, and ܿଷ. ݇ is the 
modulation index, ߠ଴ = 2ߨ݂ݐ, ݂ is the inverter fundamental 
frequency, ݐ is time in second. The values of θop are 0, 2π/3, -
2π/3, γ, 2π/3+γ, -2π/3+γ, 2γ, 2π/3+2γ, and -2π/3+2γ each for 
phase ܽଵ, ܾଵ, ܿଵ, ܽଶ, ܾଶ, ܿଶ, ܽଷ, ܾଷ, and ܿଷ respectively. γ is the 
phase displacement between the three phase sets. 
The detailed waveform during one switching period ௦ܶ is 
shown in Figs. 3-4. The figures represent the waveform when 
ߠ଴ = 45°. Because the switching frequency is much larger than 
the fundamental frequency, during switching period, the 
sinusoidal references are assumed to be constant. If the 
reference signal is larger (lower) than the carrier signal, the ON 
(OFF) signal is generated. The ON signal means the upper 
switching device in one leg is switched and the lower one is 
left open. The OFF signal has the opposite order for the 
switching devices. 
In the dual carrier PWM, the second carrier is similar to the 
first carrier but opposite in the phase. In dual carrier 
asymmetrical PWM inverter (DC20), the second carrier is used 
for the second group. Despite it, in dual carrier symmetrical 
PWM inverter (DC40), it is the third group that uses the dual 
carrier. By comparing Figs. 3(a) and 4(a), it can be seen that 
the third group of DC40 is the opposite of the second group of 
SC20 (single carrier asymmetrical PWM inverter). From Figs. 
3(b) and 4(b), the second group of DC20 is the opposite of the 
third group of SC40 (single carrier symmetrical PWM 
inverter). 
III. INPUT CURRENT RIPPLE 
In the inverter current ripple analysis, it is assumed that the 
motor is a balanced multiphase motor. The mean square of the 
inverter input current ripple can be obtained by subtracted the 
dc component of the input current to the average of the input 
current over fundamental frequency, 
 ܫሚௗଶ = ܫௗ,௔௩ଶ − ܫௗ̅ଶ (2) 
The detailed procedure to obtain the input current ripple can be 
seen in [8],[11],[14]. The input current ripple for nine-phase  
single  and  dual  carrier  PWM  inverters  are shown in Table I, 
TABLE I.  NINE-PHASE INVERTER INPUT CURRENT RIPPLES 
 Input Current Ripples 
SC20/ 
DC40 ܫሚௗଶ =
݇ܫ௟ଶ
ߨ ሾ33.31	cos
ଶ ߶ + 2.73ሿ − 818 ݇
ଶܫ௟ଶ cosଶ ߶ 
SC40/ 
DC20 ܫሚௗଶ =
݇ܫ௟ଶ
ߨ ሾ34.03	cos
ଶ ߶ + 0.71ሿ − 818 ݇
ଶܫ௟ଶ cosଶ ߶ 
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(b) 
Fig. 5. Calculated nine-phase inverter input current ripple as function of 
modulation index (a) PF of 1.0 and (b) PF of 0.8. 
where  ܫ௟   is  the  rms  of  the  output current and ߶ is the power 
factor (PF) angle. From the table, it is known that the input 
current ripple of SC20 is similar to DC40 and SC40 is similar 
to DC20. The plots of the equations in Table I are shown in 
Fig. 5 for power factors of 1.0 and 0.8. Fig. 5 shows that the 
minimum current ripples are provided by SC40 and DC20. 
IV. OUTPUT CURRENT RIPPLE 
By using space vector decomposition method and modeling 
the motor in the stationary reference frame, the inverter output 
current ripple can be simply expressed by integration of stator 
voltage ripple in each coordinate as follows [15]-[16]. 
 ଓ̃ఈఉ௦ ≈ ଵఙ௅ೞ ׬ ݒ෤ఈఉ௦ ݀ݐ (3) 
 ଓ௫̃௬௦ ≈ ଵ௅೗ೞ ׬ ݒ෤௫௬௦ ݀ݐ (4) 
The symbols ݒఈఉ௦, ݒ௫௬௦, ݅ఈఉ௦, and ݅௫௬௦ are voltages in the αβ 
coordinate, voltages in the xy coordinate, currents in the αβ 
coordinate, and currents in the xy coordinate. The ߪܮ௦ can be 
approximated by (5). 
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 ߪܮ௦ ≈ ܮ௟௦ + ܮ௟௥  (5) 
With ܮ௟௦ is the stator leakage inductance and ܮ௟௥  is the rotor 
leakage inductance. 
The detailed procedure to evaluate the output current ripple 
is presented in [17]. The output current ripples are shown in 
Table II,  
TABLE II.  NINE-PHASE INVERTER OUTPUT CURRENT RIPPLES 
 αβ coordinate xy coordinate 
SC20/ 
DC40 ܫሚఈఉ௥௠௦ଶ = ܭఈఉଶ ൤
3
2 ݇
ସ − 10.15ߨ ݇
ଷ + 2݇ଶ൨ ܫሚ௫௬	௥௠௦ଶ = ܭ௫௬ଶ
0.92
ߨ ݇
ଷ 
SC40/ 
DC20 ܫሚఈఉ௥௠௦ଶ = ܭఈఉଶ ൤
3
2 ݇
ସ − 10.86ߨ ݇
ଷ + 2݇ଶ൨ ܫሚ௫௬	௥௠௦ଶ = ܭ௫௬ଶ
1.62
ߨ ݇
ଷ 
 
where 
 ܭఈఉଶ = ଵଶହ଺
ଵ
ଷ ቀ
ா೏
௙ೞఙ௅ೞቁ
ଶ
 (6) 
 ܭ௫௬ଶ = ଵଶହ଺
ଵ
ଷ ቀ
ா೏
௙ೞ௅೗ೞቁ
ଶ
 (7) 
 
with Ed is dc input voltage and fs=1/Ts. 
Similar to the input current ripple, the output current ripples 
of SC20 are similar to DC40 and SC40 are similar to DC20. 
The plot of the current ripples in the αβ coordinate and the xy 
coordinate are shown in Figs. 6 and 7, respectively. From the 
figures, it is known that the minimum current ripple in the αβ 
coordinate is provided by SC40 and DC20. However, these 
produce higher stator current ripple in the xy coordinate. 
V. OPTIMAL CONFIGURATION UNDER DUAL MODE 
OPERATION 
The characteristics of nine-phase motors from the previous 
discussion are summarized in Table III. The table also includes 
the characteristics under squarewave operation. From the table, 
it is known that the asymmetrical configuration can provide 
optimal characteristics under dual mode operation when the 
motor is fed by dual carrier PWM inverter. 
TABLE III.  CHARACTERISTICS OF DUAL CARRIER INVERTER-FED NINE 
PHASE MOTOR 
Nine-phase Current Ripples 0º 20º 40º 
Squarewave 
Input Max Min Min 
Stator Min Max Max 
Rotor Max Min Min 
Dual 
Carrier 
PWM 
Input Min 
Stator Max 
Rotor Min 
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Fig. 6. Calculated nine-phase inverter output current ripple in the αβ 
coordinate as function of modulation index. 
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Fig. 7. Calculated nine-phase inverter output current ripple in the xy 
coordinate as function of modulation index. 
VI. EXPERIMENTAL RESULTS 
Asymmetrical and symmetrical induction motors are used 
to conduct experiments. During the experiments, the rotors 
were locked and the neutral of each three-phase sets are 
isolated. The PWM uses carrier frequency of 1000 Hz and the 
dc input of the inverter is adjusted constant at 40 Vdc. The 
motors have stator leakage inductance of 5.4 mH and rotor 
leakage inductance of 4.64 mH. The locked rotor resistance is 
1.78 Ohm.  
The input currents of nine-phase PWM inverters are shown 
in Fig. 8. From the figure, it can be seen clearly that the DC20 
could provides the minimum input current ripple. The input 
current ripples of DC20 and DC40 for modulation indexes of  
0.2 to 1.0  are shown in Fig. 9, where the matching between 
calculated and experimental results can be observed.  
    The measured output currents of nine-phase PWM inverters 
are shown in Fig. 10. From the figure, it can be seen that the 
DC20 has higher stator current ripple compared to DC40. The 
transformed output currents in the αβ coordinate of dual carrier 
PWM inverter are shown in Fig. 11. This figure shows clearly 
that the current ripple in the αβ coordinate of DC20 is lower 
than DC40. The rms of output current ripples as function of 
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modulation index are shown in Fig. 12. The figure shows a 
good agreement between the calculated and the experimental 
results. 
 
 
(a)  
 
 (b) 
Amp/div = 4 A and time/div = 2.5 ms 
Fig. 8. Input and output currents of (a) asymmetrical and (b) symmetrical 
nine-phase dual carrier PWM inverters. 
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Fig. 9. Input current ripples as function of modulation index of nine-phase 
dual carrier PWM inverters. 
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 (b) 
Amp/div = 2 A and time/div = 2.5 ms 
Fig. 10. Output currents of (a) asymmetrical and (b) symmetrical nine-phase 
dual carrier PWM inverters. 
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(b) 
Fig. 11. Output currents in the αβ coordinate (a) asymmetrical and (b) 
symmetrical nine-phase dual carrier PWM inverters. 
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(a) 
 
(b) 
 
(c) 
Fig. 12. Nine-phase dual carrier PWM inverters output current ripples as 
function of modulation index in the (a) αβ coordinate, (b) xy coordinate, and 
(c) stator. 
VII. CONCLUSION 
An analysis has been done to investigate the inverter input 
and output current ripples’ characteristics when a nine-phase ac 
motor is supplied by a dual carrier PWM inverter. From the 
analytical and experimental results, it was found that the 
asymmetrical nine-phase ac motor could provide optimal 
characteristics under dual mode operation by simply using dual 
carrier in the PWM. Extensions of this work to other phase 
numbers are under investigation. 
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